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ElectrDchemical Sensing 

HiiB invention relates to electrodes for use in electrocheraical assays* for example to 
detemutie wliether a candidate drug is metabolised by an oxidative drug-metabolising 
enzyme (DME), and to use of the eledXDdes in such assays. 

Summary 

A kay ana of interest in the pliannaoeiitioal industry is the piredietian of how dru^ 
are metaboUsed m the body. One of flw mmn drug metabolism processes, pbase I 
oxidation, is mediated by eifher (be ^^ochtome P4S0 [CYP] or flavin 

monooxygenase (FMO) ^unities of enzymes. The leactions catalysed by these 
enzymes can be driven eleottochflmically, and the reaction progress may be monitared 
using simple electrode systems. This makes the CYPs, and Hie functionany-related ' 
FMOs ideal candidates for dlectrocfaanical sen^ng. 

Background 

TTie sii^a most inqjortant decision in tfac drug design process is made when selecting 
which of the lead compounds identified during the research programme are to be 
passed into the development pipeline. About 90% of development candidates Ml to 
become marketed drugs, for a variety of reasons (see figure 1). The cost of a 
development programme is extremeiy high (typically £50M per moleaule), and so the 
selection of development candidates has a high financial penalty if made incoirectly. 
For this reason, there is intense interest within the pharmaceutical industry for 
effective means to *fail drugs early% identifying compounds that are unlikely to make 
it to maricet befiire vast expenditure is incurred. 



The greatest single reason for a drug candidate to Mi during development is for it to 
show unaccq)table chaiacteristios whan introduced into Kve animals or humans. The 
collective term for these charaotedstics is ADME/Tox (absorptioo, distribution. 
^^4l^fe«!^J2i^?? and toxicity),^coyeri^ how w^ a molecule enters the body, is 
distributed among die various tissues, is biochemically processed, and then eliminated 
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in the bile or urine, as well as any unexpected toxicological efifecte that may be 
uncovered during the development and clinioal trials progrannnes. ADME/Tox 
prediction is a current axea of intense research, and will be an expmding market ovea: 
die next 3-S years. 



Electtochemical s^ing has a role to play in several areas within the ADME/Tox 
area, since many of the drug metabolism processes involve changes in redox potentiaL 
It therefoifi provides a means to quantii^ drug molecules* and their metabolic effects, 
in the context of a whole dssue or body fluid sample. In particular* it provides a 
sensilivc and cost-effective means to follow die metabolic processmg of drags either 
at Ihe singl&-aQzyme» or whole oigaa level 

The drug-metabolising cozyrn^ [DMEs] are a diverse groiqi of proteins that are 
responsible few: dctoxijgHcng a vast atiay of xenobiotic confounds (^foreign 
moleculesO including dnigs, pesticide and Mviionmeiital pollutants* Most have an 
extremely broad substrate specificiiy: some mdividual members of the cytochrome 
P450 [CYP] and flavin monooxygenase [FMO] families are known to metabolise 
more than 50 structurally diverse compounds. Understanding the stmcture-activity 
relationships for the DMEs and their substrates is an important area of research that 
impacts on phamiacology, toxicology, and basic ea2ymology, hi particular, the ability 
to predict whether a molecule is likely to be processed by CYPs in the body is of 
ctucial importance in selecting candidate drug molecules for pharmaceutical 
detvelopment. 

Conceptuallyip the DMEs are divided into two groups. Oxidative dmg-metabolising 
enzymes, which inchide CYPs and FMOs, catalyse the introduction of an oxygen 
atom into substrate molecules, generally rraultmg in hydroxylation or demethylation, 
Hiese enzymes are redox-driven, and the reactions Aey catalyse m^ readily be 
followed electrochemically. The conjugative enzyme families, which mclude the 
UDP-glycosyltrans&rases, ghrtafhione transferases, sulphotransferas^* and N- 
acetyUransferases, catalyse the coxqpling of endogenous small molecules to 
xmobiotics. This iisoally results in the fimnadon of soluble compounds that are more 
readily excreted The conjugative enzymes are not xedox-driven^ and are ^erefore not 
particularly suitable for electrochemical sensing. Ofh», as yet unidentEfied DMBs 
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may also be fonnd as a result of the human genome project For example, the recently- 
discovered CYP3A34 has now -been shown to be esxpressed in ceitam body tissues, 
although its precise fimctiQn is omraitly unclear. The discussion here is therefore not 
limited to Hob enzymes ejcpUcifly mentioned in the text. 



The CYP and FMO mcidativB dra«-metaibofising enzymes are of particular interest as 
the biosensor con^Hmenis of an electrochemical device sLnce fte electrons they 
require to drive the reactions can be si^ed hy direct charge hansfer fiom electrodes 
in a bioreactor chamber. Indeed, in such a device there is no requiremoit for 

additiaBal biological or chenncal components such as the cofectors and ancillary 
oxidoreductase enzymes that are necessary for driving the reactions in a conventional 

ini^tro assay. 



Proposed Biosensor Components 
Cytochrome P4S0 



CYl> «izymes catalyse the initial step in die btotransfomiatiQn of xanobiotic 
compounds, includmg most drags (a process referred to as first-pass or Phase I 
metabolism). These enzymes are members of a large family of mixed-function 
oxidases which typicaUy introduce an oxygen atom into substrate molecules, hence 
fecilitating further roetabolic processing to break the compound down. More than fifty 
CYP isozymes are known to exist in humans and they have been classified into 17 
femilies and 39 fiubfamiUes. In the standard nomenclature, the family is designated by 
a number, a letter designation for the sub^ily, and a second number that identifies 
the individual member of that subfamily. 

The 3D molecular stmcture; of CYP2C9 showing the haem group, active-site iron 
atom and a bomid substrate is shown in Figure 2. 

In humans and animals, the bulk of drag metabolism is earned out by just a few 
members of the CYPl, 2, and 3 ^milles and occurs primarily m the liver, which 
^'""^^i^feil^st concentration of CYP in the body. Figure 3 shows the percentagB 
of drugs metabolised by the different CYP fimilies. CYP3A4. 2D6. 1A2 and 2C9 are 
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roqxjnsible fbt most cxF the drag metabolism by CYPs in humans, so ore cozisidered 



The Oxidation of organic molecules by CYPg is quite cxmpUx, but tbe overall 
reacticm can be simplified to tiie following equation: 

RH+Oa + NADPH + H*-* ROH + H2O + NADP* 

An electron fiom the cofactor NADPH (a common electron-transfer molecmle) is 
transferred to a haem group within the CYP, where the activation of molecular 
oxygen occurs. Snbstrate? (lepi e s ented as R in the above equation) react with one of 
ths oxygen atoms whilst the other is reduced to water, requiring a second electron. 
Several studies have shown that flie electrons necessary to drive this ration can tie 
supplied electrochemically, with direct charge transfer coming from electiodes in an 
anaerobic hioneacton In this case, there is no requirement for the l^TADPH cofactor. 
CYP enzymes are therefore ideal candidates for incorpoiatfon into an electrochemical 
sensor for predicting drug metabolism. 

The generally accepted Cyp catalytic cycle is shown in Figure 4. The reaction begins 
when the substrate binds to the active site (1). If the reaction is to proceed fintfaer, £he 
substrate must displace a water molecule that is normally co-ordinated to the haem 
iron atom in unbound Cyp. This is accompanied by a change in the sphi of the Fe^^ 
ion fiom a low spin (V2) state inif^ch the five electrons are maximally paired, to a 
high spin ('/j') state in which the electrons are maximally impaired. This in turn causes 
a change in the redox potential of die iron of ajiproximately 100 mV^ which is 
sufficient to make die reduction of the iron by the redox-partner of the Cyp (usually 
NADPH or NADH) fhennodynamirally favourable (2). The reduction step is followed 
by the binding of an O2 molecule to a separate site adjacent to the Fe^^ ion (3). This 
state is not stable, and is easily autooxidised releasing Oa^ If^ however^ flie transfer of 
a second electron occurs (4), the catalytic reaction conthiues. The O^' reacts with 
protons fiom the surrounding solvent to form H2O (which is released), leaving an 
activated oxygen atom (5), This may then react with the substrate molecule (6) 
resulting in a hydroxylated form of the substrate (7) which is then released ftom the 
active site. 



the most interesting fiom a drag screening point of view. 
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The electrons which drive this reaction cycle are normally supplied in vivo by redox 
partnere with the aid of appropriate oxidoredootas^ enzymes. la the case of the DMEs, 
the r^dox partner is usually nicotinamide adenosine dinucleotide phosphate 
(NADPH), which switches between oxidieed ^ADP+) and reduced states. Cunsnt in 
vitro DME assays require a reasonably ccaxxpkx. reaction mixture ^/vbxdlx is able to 
re^neiate the redox partners m. tiie appropriate oxidation state. 



Flavin Monooxygenases 

Flavin monooxygenases, like fhe CYP enzymes, catalyse the oxidation of Oiganic 
compounds using molecular oxygen and NADPH as fhe source of elertrons for the 
FBductioA of one of the dxygssa Bioms. However^ Ihey are mechanistieally distinct 

from the CYPs in that they react with oxygen and NADPH in the absence of substrate 
to adopt an activated state within the cell, and an interaction with a nucleophilic group 

such as an amine, thioU or phosphate is all that is required for completion of flhe 

catalytic cycle. 

The c^adty to r^ain stable whilst poised in an activated state is a possible 
explanation for the extremely broad substrate spedficity of the FMO isozymes. It has 
been proposed that essentially all of the energy required for catalysis is captured in the 
oxygen-activated intermediate, and that alignment or distortion of the substrate 
molecules is not required, unlike most other enzymes. It follows that the active sites 
of FMOs are much less sterically deiSned than for other enzymes, allowing a wide 
variety of molecules to act as substrates. FMOS is fhe most abundant form in human 
liver and is believed to be the dominant member of this enzyme &mily in terms of 
overall drug metabolism. 

As for CYPs, it is possible to drive the FMO-mediatcd reactions by supplying 
electrons electiochemically, and therefore these would also be ideal candidates for 
mcorporation into an electrochemical sensor device for predicting drug metabolism. 
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Despite the suitability of the oxidative DlMDBs for incorpoiatioa into eledrochOTiica! 



sensors for predicting drag metabolism, they have not yet been fully exploited 
electrocheajaically. Jn order to study the kinetics of oxidative DMB-mediated reactions 
electrocheraically, the rate-limiting step must be the oxidative DMB-catalysed 
reaction, and. not the transfe of electrons onto the enzyme. Due to slow mass-transfer 
at the elecstrode surfece caused by the relatively low diffusion rate of the large 
oxidative DMB molecules, it has not been possible to obtain accurate Idnetic data. 

One of the most important aspects of driving an enzyme-catalysed reaction 
electrocheanically is the efficient transfer of dectrona from the electiDde(s) to ihe 
catalytic site within the eaqone. One wsgr to mwdmise this traasfer is to hnmobilise 
die enzyme at the surfioe of the electrode^ 

According to a feat aspect of the invention there is provided an electrode comprising 
an oxidative drug-mirtabolising enzyme (DME) immobilised at the sarfece of flie 
electrode to allow eflBcient transfer of electrons fiom the electrode to a catalytic site 
within the oxidative DME. 

Efficient transfer of electrons j&om the electrode to flie catalytic site within the DME 
occurs if the rate of transfer is at least as fest as die rate of consumption of electrons 
by the DME when metabolising a candidate dmg. If metabolism of the candidate drug 
is limited by the transfer of electrons, accurate measurem^ of the rate of tiwiover of 
the candidate drug by the DME is not possible smce electron transfer to the DME then 
beccones tlie rate-limiting step. 

Typically, a DME molecule will turnover approximately 10-100 substrate molecules 
per second. According to the Cyp catalytic mechanism two electrons are consumed 
for each molecule of substrate that is turned over. Thus, the electrode should be 
capable of transferring electrons to the DME at a rate of at least 20 electrons per 
second, more preferably at least 40 electrons per second, most preferably at least 200 
electrons per second. 

The electrode,jtt^y;p:be.i^y suitable electrijaally.. conductive mateiiaL p^efferably 
graphite or metal, most preferably gold. 
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The D2V1E may be covalently or non-covalenUy immobilised to the soi&ce of die 
electrode. 

The DMB may be immobilised to the electrode by means of a linker. The linlrax' may 
be covalenfly or nonrcovalently immobilised to the electrode^ and covakaifly or turn- 
covalenfly attached to the DME. 

The linker should allow efficient tamsfer of electrons j&om the electrode to the 
catalytic site within the DMEL Preferably the Imker comprises a delocalised electrcm 
system. 

Preferably the Uxiker comprises one or more electnode binding gronps to immobilise 
the DMB to the electrode. The.binding group should allow foimation of a stable bond 
with the electrode at the operating voltage of the electrode. Preferred metal binding 
groups for binding to metal electrodes include amides^ amines, carboxylio acids> and 
heterocyclic groups such as thiophenes, or nitrogen containing heterocyclic groups 
such as pyridines, purines, or pyrimidines. For a gold electrode, suitable functional 
groups include (but are not limited to) thiols, thloethers, thiophenes, pyridine, 
nitrogen-conlaming heterocycles, carboxylic acids and most negatively-ckarged 
moieties. 

The physico-chemical properties of Ave linker must mateh the propeties of the DME 
immobilised to the electrode. In particular the Gibbs ftee mergy of interaction of the 
linker with the DME must be favourable. Both the change in endialpy and etxttopy on 
binding axe important 

Prefened functional groups which contribute to the enthalpy of bmding mclude 
hydrog«i bond donors and acceptors^ such as hydtoxyls, amines, grniffes, caiboxyHc 
acids, aromatic systems^ heterocycles, enols, ethers, ketones, aldehydes, ^ols, 
tfaioefhers* plua halo-» nitro-, phospho- and sulphate groups, or fluol equivalents of 

these groups. Preierably the linbxr comprises at least two Or three of these groups. 
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Preferred fiinctional groups which cantnbaSti to fl» entropy of bhuKxiS include 
amines, amides, caibox^c acids, aromatic systems, cydic groups, particulariy 
heterocycles, awls, ethers, ketones, aldehydes, thiols, thioethers, phis halo-, nitto-, 
phospho- and snlphiate gtoups- 

Many classes ofoigaoic moleciile provide suitable linkers. These include (but are not 
limited to) metalloceaes» flavins, quinames, and NADH. 

Preferred Bnkere comprise metallocanea. in partiDiilar fecrooenes. Cobalt metaOocenea 
and vanadium xnetallocenes are also preferred. 

MetallOMoes have an unusual structoie, in that a transiiion metal ion is sandwiohed 
between two aiomadc img^, such as the negatively charged cyclopentadienyl iom 




Cydopentadtend 



Cyolopentadlenyi 
ion 



Two cyolopentadien^ rings can coordinate to an Fts** ion to form ferrocene, which 
may exist in either an oxidised or reduced state, thereby rauroring the characteristics 
of iron in Hub active sate of die DME haem groins: 




Fetrocene 
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Hifi fenocenes in particular have ^propriate redox potentiak to be efficieart 
transferors of charge for DMEs. They may carry substituent groups which can be ased 
to optimise their binding characteristics to the enzymes and in addition fhoy may be 

fimctionalised with ^prqpriate chemical groups to allow Item to bind tightly to the 

suT&ce of the electrode. 



Hiere ace sevonl positiiMDB on the fecrocais skeleton which may be funotionalised by 
file addition of chemical groups in order to modnlate the molecule's redox potential 
and other pb^nsioo-obiemical chaxacterisdcs such as shiape. size, hydiophobicdty, 
charge, and so on. These positions are indicated by the labels Ri to Rio in the Marioish 
structure below. 




It* fexroceoe itsd^ an ten substitueni positions are occupied hy single hydiogai 
atoms. The substttuent positions need not be ind^)e(ndent For example Ri and Ra 
might bo joined togjeliier via a ring stroctma The R positions are therefoia sinq>Iy 
indicators of wbere it is possible to vary the chemistry around the finocene core. 

At least one of ttie potential R groups canies a suitable fbnctional group for binding to 
the electrode. For example, it is well known that metallic gold has a particiilarly 
strong afBnity ft>r sulphur-containing groups such as thiols. If one of the R groups 
carries a thiol, it diould therefore confer a strong gold-binding ability to the molecule. 
Provided this binding group is also able to support the ready transfer of electrons fiom 
the site of metal binding to tihe co-ordinated transition metal ion at the heart of the 
sandwich structure (e.g. by containing a deIocali^S?e!f!^^'systean), then fl^^'Q^^^t'^ 
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Should stin have the ability to si^Ly electrons to tbe DMB. There are xaaay 
alternatives to a Ihiol group fat binding to a gold electrode, and naany alternatives to 
gold as &e electrode msteriaL 

Use of thiol oontatning groapa for the linkcsr is preferred where the DMB is a flavin 
monooxygenase, or an. oxidative DME other than a oytoohrome P450. 

Oflier examples of soilable to immobiliBe a DMB to the surfece of an electrode 
in accordance with the invmtioii are desraibed below. 

IProtein-Electrode Interactions 

Immobilised Proteins 

One of fb& most importanl aspects of driving an enzyme-catelysed reaction 
elecirochemically is the efficient transfer of electrons fiom tfae electrodeCs) to the 
catalytic site within the enzyme. One way to maximise Ms transfer is to immobilise 
the enzyme at the surfece of the electrode. Although a system involving a sohibilised 
enzyme coidd be designed, early success is most likely by using surfec^lmmobiliBed 
enzymes. 

CovalenUy-modified Electrodes 

The suifece of an electrode of, for example, metal (typically, though xiot eotchiaivdy 
gold) or graphite, can be modified by the covalent addition of chemical groiqjS to 
make it mote amenable for the transfer of electrons to proteins. One techni^iue 
involves the use of organothiloate compounds (containing an SH group) in 
conjunction with a gold electrode. The thiol group fomas a strong bond to the metal 
suiace, with the rest of tlie molecule providing suitable fimctional groups for 
int»»otb)g with the ]p«oteia. 

M Icroporoas Electrolyte Membranes 
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These are medianicany and chemicaUy stable polymer gels wifli high ionic 
conductivity, coating Ute surfece of an electrode in the fram of a thin layer. The 
polymers conaprising ihe gel should be chosen to provide a suitable ttviioament for 
trapping the proteins wifliin their mateix, such as a high proportion {l;ypioaUy at least 
50%) of caiboxylic add &o\xps (for ptotejns with many positively-chargBd suifece 
residues), amine groups (for prottins wifli many negative chaises at the svirfece), or 
aliphatic groups (forprotems with largely hydrophobic sur&oes. saoh as the CYPs). 

The mcaaabrane shonld be meohanioally and duanically stable enough that it remains 
physically intact and chemically unmodified at least Ihr (he durotioD of the experiment 
in which fbie electrode is used. 

Tbe ionic conductivity of flie polymer gel should be Mgh oiougfa fliat electrons can be 
transfbiTedficnn fhe electrode to theDME at a rate wMeh is at least as festaslbexate 
of consun^ticm of eiecteons by the r>ME when it is metaboHshig a caodidate drug. 

Suitable polynwr gels incfaide any large polymer systcan with delocalised electrons. 
Preferred polymer gels mchide caibohydnite gels, such as polysaccharide gels, 
polypyridine gels, seadthiophene containing gels, and polyaromatic gels. 

The polymer gel should have a pore size which is large enough to allow DME 
molecules to be tr^ed within the gel matrix. A suitable pore size is 20-50aBi, 

Preferably the polymer gel comprises metal binding groups allow stable 

binding of the gel to the electrode at the operating voltage of the electrode. Suitable 
groups include thiols, amides, amines, oarboxylic acids, and heterocyclic groups, 
particularly nitrogen contaimng heterooyolio groups such as pyridines, purines, 
pyrinudines, or thioph»ies. 



Lipid Membraikes 



Natural CYP enzymes are usually found attached to biological membranes, since ^oy 
ahnost exclusively contain a r&gion whicOi acts as an |^hM,within a phospholipid 
bilayer. Ihdeed. the CYPs used in analytical laboiatoxies are generally modified to 
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cemovB this anchor domain, thus aUowing the enzyme to be solwbilised. The afBnity 
of CYPs for lipid bilayer membranes provide a means of anchoriiQg them at the 
fiurfecB of an electrode. Suitable membranes may be constructed ufdng long-chain 
felly acids, lipids, or similar molecules, deposited on the soffiwe. 

Suitable chain lengths are C5-30, preferably C14-22. Branched chains may be 
advautegeotts. 

Detoigents are expected to provide suitable mentteanes. 

Preferably Ihe membrane coniprises metal binding gtoupa which allow stable binding 
of the menahrane to the electrode at the opeiatmg voltage of the electrode. Suitable 
metal binding groups include fliiols, amides, ammcs, carboxyUc acids, and 
heterocyclic groups, particularly mtrogen containing hetenjcyclic groups such as 
pyridines, purines, pyiimidines, or thiophenes. 

A metal binding group may be hioorporated along, or at an end of an aliphatic chain. 

According to the mvention there is also provided use of an electrode of the inveotioii 
iu an elfictrochemical assay, for example to determine whether a candidate drag, 
suitably a xenobiotio, is metabolised by the DMB immobilised to the electrode. 

If the candidate drug acts as a substrate for the DME, then turnover of the candidate 
drug by die DME will consume electrons (for example, a Cyp enzyme is expected to 
consmne two electrons per candidate drug molecule if the reaction proceeds via the 
Cyp catalytic cycle shown in Figure 4). The rate of consumption of electrons by the 
DME can be measured using an electrochemical reaction chamber provided fliat an 
electrode of the electrochemical reaction chamber supplies electrons to the DME at a 
rate which is at least as fest as Hie rate at which they are consumed by the DME 
(otherwise accurate measurement of the rate of oonsunq>tion of electrons is not 
possible since the rate Smiting step becomes the transfer of electrons). Ohm's law 
predicts that if incieasiiig voltage is ^plied to the dioctrochenucal zeaction chamber a 
constant linear rise in cutient will occur if fliere is constant resistance. However, if tie, 
candidate drug acts aa a substrate for the DMB, a deviation fiom a constant linear rise 
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in citrrent will be seen as electrons are consumed by the reaction. This deviation can 
be used to calculate the rate of consumption of electrons by the DME and, therefore, 
the rate of turnover of the candidate drug by the DME, If this assay Is perfimned &r 
different concentrations of the candidate drug, Vmax and. Km can be calculated 

A suitable assay comprises the following steps: 

i) providing an electrochemical reaction chamber comprising an electrode of (he 
invention, and a candidate drag; 

11) ai^lying cfaangiiig volt^e to flie electrochemical reaction chamben 
m) measuring cmrent flowmg throngh the electrochemical reaction chamber; and 
iv) detemnning ftom the measured cunrent whether the candidate drag is metabolised 
bytheDMB. 

There is also provided according to the invention an electrochemical reaction chamber 
for carrying out an assay of the invention which oanqprises an electrode and an 
electrode of the invention. 

There is also provided according to the invention a device comprising a plurality Of 
electrochemical reaction chambers, each electrochemical reaction chamber 
con^rising an electrode and an electrode of the invention, wherein the electrode of 
the invCTition for each electrochemical reaction chamber comprises a different DME. 

Preferably the electrode and the electrode of the invention are made of the same 
material such as graphite or metal, preferably gold. The electrode may be an electrode 
of the invention. 

The, or each electrochemical reaction chamber is preferably a micro-electrochemical 
reaction chamber* 

It has also been appreciated that efficient transfer of electrons from the eleotiode($) to 
the catalytic site witbin the DMB may be achieved in a system mvolving a solubilised 
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REDDIE fWD GTOSE TO B^j^i^ 

According to a second aspect of the invention Aero is provided an electrode having a 
surface modified by the covalent or nonrcovalent addition of chemical groups to attow 
efficient transfer of electrons fa?n die electrode to a catalytic site wilWn a solubilised 
DMB- 

Preferably the chemical groins oonqmse a delocalised electron system. 

The chfimical gtoiqa preferably comprise a functional group whicli forms a strong 
bond to flic suifecc of the electrode, and a fractional gfovp fox interactiTig with the 
solubilised DMB. 

The electrode bmdmg gtonp should allow fiamation of a stable bond with the 
electrode at the operating voUage of the electrode. Preferred metal binding groups fiw 
binding to metal electrodes include amides, amtoea, carboxyfic acids, and heterocyclic 
groiqis such as ^ophenes, or nitrogen conteining heterocyclic groups such as 
pyridines, purines* or ;^nimidine5. 

As with the first aspect of the mvention Has chemical growps may include aolptaiiw 
containing groups such as fiuols which have particularly strong affinity for metaUic 
gold. Such groups are preferred where the DME is an BMO. or an oxidative DME 
other than a CYP. 

In a preferred embodiment the electrode is a gold electrode and the ohemicd groups 
are oiganothiloate compounds having an SH group wHch ferms a strong bond to the 
sorhLOC of the eleotrode, and suitable fonotional groups for interacting with the 
solubilised DME. 

Many classes of organic molecule provide suitable chemical groups. These mchide 
(but are not limited to) metallocenes, flavins, quinones, and NADH. 

Preferred chemical groups comprise metaUocenes, in particular feixocenes, as 
described for flie first aspect of die inventicm. Cobatt metaUocenes and vanadium 
metallocenes are also prefeoted. -w, ^ m immcss 
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It will be ^predated that the chemical groiips must not act as a substcate or an 
inhibitor of flie DMB, Otherwise accurate measuiement of the late of tumovw, of a 
candidate drag by the DME is not pos^ble. 

The chemical gnoiqis must have a suitable redox potential fbr driving the enzyme- 
oata^«ed reactions. The itnpoitance of the redox potential of the ohemical groiips and 
the operating voltage of the electrode of the electiochenjical teaction chamber wWch 
siqjpKes electrons to the chemical gcovpa is eacphiined bolow. Preferably the working 
voltage of the electrode which supplies electrons in Ihe elec?tajciheniical reaction 
chamber is more electronegative Ibm the redox potential of the DME, and the redox 
potential of the chemical gtoups is less electrooegativs than the working voltage of 
the eleotrode, but more electronegative than the redox potential of the DMB. 

An oxidationrttBdocliMi (redox) reacti<m is one where one ^ecies loses electrons and 
another gains ftem. When a species gains electrons, it is being reduced. When a 
species loses electrons, it is being oxidized. In all redox reactions, reduction and 
oxidation occur together: one cannot liappen without the other. The electrons flow 
fixan one species to the oflien there is no net charge gain or losa. 

The electrical force produced by ah electrochemical cell is measured by the cell 
voltage E. CeU voltage depends on the redox reactions occulting in the cell and tiie 
concentration of the reactants, hut not on the number of electrons passing through the 
cdL 

Since we caa split a redox reaction into two parts, wo can also define standard 
voltages for both the oxidation and reduction parts of flw feaetion, and We 
may arbitrarily pick the hydrogen reduction half reaction 

2ir(aq) + 2e-- 

to have ErJ' = 0, and measure an other half reaction voltages in relationship to it. 
Itedox potentials are always given relative to such a xeference leactian. In addition to 
the hydrogen 'electrode* shown above, a sUver/silver chloride reference is also 
commonly used, and there are large tables published wifli the values of standard 
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reduction voltages far half reactions with reference to standard electrode systems. The 
oxidatioa half reactions are simply the reaction run in reverse, and the half cell 
oxidatioa voh^ is the negative of the teduction voltage. Note that the reference 
electrode in this sense is used to define a Tjaseline' redox potential to enable redox 
difiFerences to be quantified. Coinpounds whose redox potentials <fi£Fer by, for 
example^ lOOmV wiU diow this same difference no matter what material is wsed for 
the refference electrode in the experimeatal electrochemical cell. 

The standard voltage of a cell, ^, is the sum of flie standard voltages of the oxidation 
and reduction half reaotions. ^ is measured when all reacstants are at 25«C and at IM 
concentiatioa or 1 atm pressure. The use of «ie '0' si«»etscript indicates that the 
values are measnied imder standard conditions. The addition of an apostrophe, 
mdicates that the vahies are measured under conditions slandaid for the system bemg 
studied. For biological systems, this vrould be at tiie relevant physiological conditi0ns 
ofpU, ionic concentration and temperature. To detBrmine if a redox reaction is 
spontaneous, one should compute the voltage of the reaction. If flie voltage is positive, 
die reaction is spontaneous, and if the voltage is negative, die reaction is not 
sprMitaneous. 

For the general reaction 

aA^t-bB-^oC-l-dD 

the equiUbriom cotastant eKpression has tiie form 
J5:=[Cr[Df/[A]"DS3* 

where is the eqniUbrimn constant for the reaction and pq indicates the 
concentration of species X. The reaction (luotient, Q, is expressed as 



araib 



fi=[c]W/rAm 

The reaction quotient expression of a reaction has the same equation as the 
equihTjiium constant expression for that reaction, however tiie reaction quotient is 
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cornjuted using the current concentrations^ not the equilibrium ones, as indicated by 
the use of bold ^e. At equilibrium, Q^K. One use ofQ is to determine which way a 
reaction will go^ by computing Q using the current pressures or conoantrations and 

comparing it to for the reaction. 1£Q < AT, then the reaction will move to the right 

and if e > then the reaction wiU move to the leflL 

Since the cell voltagB ^ detenxnnes if the reaction in a cell is spontaneous not, it 
clearly must be related to AG^ the change in the Gibbs ftee energy. The relationship is 



AO ^ --nFE 



where n is the number of eLectnmi^ that are exchanged during the balanced redox 
reaction and Fis the Faraday constant, 9.648 x 10** Cymol. At standard concenlxations 
at 25^C, this equation can be written ^ 

Redox reactions like all others can reach an equilibrium state. Since we have a 
relationship between iS^ and AO^ as well as one between AC^ and A; we can derive a 
relationship between the cell voltage and the equiHbrium constant. Since we have 

A(f^-nF]^ 
and 

AG^^-^RTAniK) 



we can combine the two equations into one: 



Under standani conditions, the term RT/F has the value of 0.0257 V, so we can 
simplify the above equation 

jB^ = (O.0257/KyiiCK) 
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With the above equations, we can derive Has value of fl» cell vohagp ftom the 
equilibrium constant and yU» yerga. 

We can combine the relationships between AG and B at non-equilibriTim ctmditioiis to 
get a relationship between the two in much the same way that we can relate ^: and 5 at 
equilibrium. We have the relation^ 

AG'-ACf+RT.!n(Q) 
AG = -9iFB 
A(f='nF]^ 

Combining the three relations gives the Necnst equation 

This equation allows ua to compute the cell voltage at any concentration of reactants 
and products and at say temperature. We can simplify the equation slightly by 
combining constants as before 

-iomsj/tiyMQ) 

M tins invention, the chemical groups accept electrons ftom fl»e electrode, and are 
therefore being reduced. The degree to which this occurs can be calculated using the 
above equations, and it should be clear that the difference between the electrode 
voltage and the redox potmtial determines the relative proportions of oxidised and 
reduced chemical groups in flie electrochemical reaction chamber. Thus, the redox 
potential of the chemical groiqjs and the operating voltage of the electrode are of 
critical importance ia driving the chemical reaction in the direction required. In a 
similar way, the chemical groups subsequently pass electrons to the DME molecules 
and are therefore bemg oxidised. Agan, the difference between the redox potentials 
of the two molecules are crucial in. dctcmrining 1h© direofion, and degree to which, the 
cheimical reaction occurs. 
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A tjpical Cyp has a redox potentidl of -45QmV (vs. an Ag/AgCl reference electrode 
under standard conditions so this value may be used to determine the preferred 
redox potentials for suitable chemical groups. According to the standard Cyp catalytio 
mechanism, the redox potential is lowered by a further lOOmV or so upon substrate 
bindmg. Each DMB will have a characteriistic redox potential, but it is likely that the 
preferred rfietnical groups will have potentials felling within the lantge +/- 750 mV vs. 
an Ag/AgCl electrode. 

The chemical groups participate in two ^ectrochemical reactions: 

Electrode* + Chemical groups Electrode + Chemical groups" 
Chemical groups" +DME ^ Chemioal groups 4:I>ME" 



Both of these reactions must move in the left-to-rlght direction at a rate that is 
than the rate of the reaction catalysed by the DME, suxnmansad as 



RH + Oi + 2H^ + 2e*-> H2O + ROH 
Whero R represents Ihe drag. 

As has been described^ the direotion of the electroch«ucal reactions are determined 
by the changes in Gibbs free energy, which is related to chemical enthalpy and 
entropy by the following eqiuition 

Where /iH is the change in enthalpy, ztS is the change In entropy, and T is the reaction 
temperature. 



AH is primarily determined by interactions such as chemical (covalent) bonding, 
electrostatic interactions, hydrogsn bonding and van der Waals interactions, not just 
between the two interacting molecules, but also between each interacting molecule 
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and ihe solvent Functional groaps which would have a laige intact on this 
component would therdbre bs those fhat produce strong intecacdons of the types 
listed previously. These include (but axe not lioiited to) amin^^ anudes> carboxylic 
acids, aromatic syortems, heterocydes, enols, ethers, ketones, aldehydes, thiols, 
thioetfaers, plus halo-, nitro% phospho- and sulphate groups. 

/iS is primarily determined by the d^rees of fiieedom in the system, such as the total 
number of axes along winch each molecule may move or rotate, tihe number of 
rotatable boodSg the degree of branching in dbain-Uke groups, and the total number of 
atoms in lh© system. Again, this component needs to be considered not just between 
the two interacting molecules, but also between each int^cting molecule and the 
solvent Functional groups which would have a large unpact on this «wnponeait would 
therefore be those that contribute to the features listed previously As before, these 
include (but are not limited to) amines, amides, carboxylic adds* aromatic systems, 
heterocydes, enols, ethers, ketones, aldehydes, thiols, thioethers, plus halo-, nitro-, 
phospho- and sulphate groups. 

Many of the interactions described above contribute to ifae ""hydrophobic interaction' 
componMt of AG, which may be specifically influenced by fimctional groups such as 
aromatic systems, hydrogen-bond acceptors and/or donors, and c^iatsed groups. 

It will be appredated fliat the chemical groups should be cj^able of transferring 
electrons j&om the electrode to the DMB at a rate which is at tost as &st, preferably at 
leaat two times as fest, as Qie jate of consun^tion of electrons by the DME when a 
candidate dmg is metabolised by flie DME. If metabolism of the candidate dmg is 
limited by the transfer of electrons, accurate measurement of the rate of turnover of 
the candidate dmg by flie DME is not possible since electron bansfer to the DME then 
becomes the rate^linodting step. 

Typically, a DME molecule will tumov^ approximately 10-100 substrate molecules 
per second According to the Cyp catalytic mechanism two electrons are consumed 
for each molecule of substrate that is turned over. Thus, the chemical groups should 
be capable of trans&rxing electrons from the electrode to Ifae DME at a rate of at least 
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20 electrons per second, more preferably at least 40 electrons per second, most 
preferably at least 200 electrons pa- s«5ond. 

Elfictiodes of the second aspect of flie mvemtion may be used in an dectrocheimcal 
assay, for example to detennina whefter a candidate drug, suitably a xenobiotic, is 
metabolised by the t>ME immobifoed to the electrode. 

A suitable assay comprises: 

i) providing an electrochemical reaction chambo: conqurfsing an ebcbode of the 
second aspect of the inverrtioifc a TSME and a candidate drug in solution; 

ii) applying changing vofaage to the electrochemical reaction cfaambez; 

iii) measudng cuitent 0Qwiqg through the electrochemical reaction chamber; and 

iv) detemuning from the measuied ciurent whether die candidate drug is metaboKsed 
bytheDME. 

Two of the many possible expepmental approaches which aio suitable foruse in 
caaytog out assays of the first or second aspects of the hmartion are now described. 
The reactions are perfonned in an dectrochemicat reaction chamber conqjrising an 
oiectcode of the tovention. The candidate drug is dissolved in aqueous solution, 
preferably at apH, tenqierBtuFe and ionic concentration which closely matches those 
of standard phyaological conditions. Increasmg voltage is applied to the 
electrochemical reaction chamber and the cmtent is measured The deviation in 
current fiom «ie constant linear rise in enmsnt predicted by Ohm's law if resistance is 
constant is used to calculate the reaction late for different concentrations of candidate 
drag. The different reaction rates are then used to calculate the maximum rate (Vmax) 
of turnover of candidate drug by the DME. and the concentration of candidate drug 
CKm) which gives half of Vmax, 

The electrochemical reaction chamber may be any suitable size. Bench scale vessels 
of a few millilitrcs volume ate common, but our preferred reaction chamber would be 
mcorporated into a microfluidics-scale device of a few tens or hundreds of nanoHters. 
The electrodes may be any suitable material, though our preference would be fbr gold. 
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Typical concentralions of the vioioiis components are likely to fall in flic range 1-100 
mM, thoii^ more dilute conditions would be preferable. 



Linear Sweep Voltammetry (LSV) 



In linear sweqp voltammetiy tixe electrode voltage is scanned fioxn a kywer limit to an 
upper limit as shown in Figure S. The voltage scan rate (y) is calculated from the slope 
of the line.. Clearly by changing the time taken to swe^ the range "die scan rate i& 
altered. 



The charactedstics of the Imear $weep voltanunogram recorded depend on a number 
of &ctcas including: 

*The rate of the electron transfer reactiQn(s} 

*The diemical zeactivity of the eleotmactive species 

*T1ie voltage scan rate 



In LSV measurements the current response is plotted as aT&nctlon'b^ vtflfage fatte — 

dian time, unlike potential $tep measurements* For example if we consider the 
Fe^/B*^"*" system 

then the voltammc^ram shown in Figure 6 would be seen for a fidng^e voltage scan 
using an electrolyte solution containnsg only Pe^ resulting fiom a voltage sweep. 

The scao begins from the left hand side of the ounent/voltage plot wh^ no cuit^ 
flows. As the voltage is swept furtho: to the right (to more r^uctive values) a cuireait 
begins to flow and eventual^ reaches a peak before dropping. To rationalise dus 
behaviour we need to ccmsidcdr the influence of voltage on the equiliR^rium established 
at the electtx>de sur&ce. If we consider the electrochemical reducfion of Fe^ to Fe^, 
the rate of electron ttatisfer is fest in compaision to tfie voltage sweep rate. Therefore 
at the elecirode surface an equilibrum is established identical to that predicted by 
thexmoc^namics. Ihe Nemst equation 
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nF [Fe^] 



predicts &6 relation^p between ooncentratioii and voltage (poteootial difiference)^ 
where E is the ^lied i>ot6ntiaI difEerence and E** is the standaid electrode poteotiaL 
So as the voltage is sw^ fioua Vj to Va the equilibrium petition shifis &om no 
conversioii at Vi to fiiU convecsloa at Vj of the reactant at the elBCtrode sw&ce, 

Tlie exact form o£ the vohstnmogram can be tationalised by considraing the voltage 
and mass traaspoA eSbcts. As the voltage is initially swept ftom V* die eqoilibriTim at 
the sur&ce begins to alter and the cmrent begms to flow: 





+ 


e~ 


. Fe=* 


Fe^ 




e' 




Fe*" 


+ 


e* 


:?=i Fe*" 


Fe'* 


+ 


e" 


-^=^ Fe»* 


Fe^ 


+ 


e" 


> Fe"* 



The ontrent rises as the voltage is swept further from its initial value the 
equiMmnm position is shifted iurfhfir to flbe right hand side^ flius CDnverting more 
teactanL The peak occurs, since at some pohit the difJusion layer has grovra 
sufficiently above the electrode so that the flux of leactant to the electrode is not fast 
enousph to satisfy that required by the Nerost equation. la this situation the curretit 
begins to drop just as it did in the potential step measwemoiits. 

The above voltammogram was recorded at a smgle scan rate. If the scan rate is altered 
the current response also changes. Figure 7 shows a series of linear sweep 
voltanraiograms recorded at different scan rates for an electrolyte solution containing 
only Fe . Each curve has the same fonn but it is apparent that the total current 
increases with Increasing scan rate. This again can be rationalised by considering the 
size of the difiiision layer and the time taken to record the scan. Clearly (be linear 
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svreep voltammogram win tefce longer to record as die scan tat© is decreased. 
ThenifMe the size of the diSEiision layer above the electrode surfece willTjo differeist 
depending upon the voltage seen rate used. In a slow voltage scan the diffhsion layer 
will grow much fbrther from the electrode in compariBon to a fest scan- Consequently 
the flux to the electrode surface is considerably smaller at slow scan rates Ifaan it is at 
faster rates. As the current is proportional to the fhix towards the electrode the 
magnitude of the current will be lower at alow scan rates and higher at high rates. This 
highHghts an important point when examining LSV (and cyclic voltammograms), 
alfliough fliere is no time axis on the graph the voltage scan rate (and therefore the 
rime taken to record tiie voltammogram) do strongly effect the behaviour seen, A final 
paint to note fiom Figure 7 is the position of flie current maximum, it is dear that the 
peak oocuis at tiie same voltage and tiiis is a diaracteristic of electrode reactions 
•wfaidi have i^od electron transfer kinetica. These rapid processes are often referred to 
as revecsible dectrooi transfer l e ac t i onB . 

TMs leaves the question as to what would happai if the electron traiffifer processes 
were 'slow* (relative to the voltage scan rate). For these cases the reactions are referred 
to as quasi-reverable or irreversible elostron transfer reactions, t'lgure 5 shows a 
series of voltammograms recorded at a single volt^ sweep rata fiar difiBsrent values 
of the reduction rate constant O^nd)- 

M ihis situation tiae voltage applied will not result in the ^neration of the 
concentrations at die elecbjode suifhce predicted by the Nemst equation. Hjis h^ens 
because the kinetics of the reaction are 'slow' and thus the equilibria are not 
established n?iidly (in comparison to the voltage scan rate), hi this situation tiie 
ovexall form of the voltammogram recorded is similar to that shown in Kgure 8, but 
unlike the reversible reaction now flie position of Has current maximum shifts 
depending upon die reduction rate constant (and also the voltage scan rate). This 
occurs because the cuiteni tal$£s more time to r^ond to the e^iplied volta^ than the 
reversible case. 

Cyclic Voltammetry 
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Cyclic vohaimneizy (CV) is very simikr to LSV. la this case the voltage is swept 
betweea two values (see Figure 9) at a fixed tale, however when flie voltage reaches 
Vz the scan is reveised and the voltage is 9wept baek to V| 

A typical cyclic vbltammogram recorded for a reversible single electrode transfer 
reaction is shown in Figure 10. Again the solution contains only a sin^e 
eleotrochemical reactant The forward sweep produces an identical response to that 
seen far the LSV experiment When the scan Is reversed we simply move back 
through file equilibrium positions gradually oonverting electrolysis product (Fe^^ 
back to reactant (Fe^"*). The current flow is now fiom the solution species back to the 
electrode and so occurs in the opposite sense to the forward step but otherwise the 
behaviour can be explained in an identical xncumer. For a reversible eleclxochemieal 
reaction the CV recorded has certain weD defined characteristics: 

I) The voltage separation between the current peaks is 



JJ) The positions of peak voltage do not altw as a function of voltage ^can rate 
m) The ratio of the peak currents is equal to one 



IV) The peak currents are proportional lo the square root of the scan rate 
and ij cc ^ 

The influence of the voltage scan rate on the current for a reversible electron transfer 
can be seen in Figure 11. As with LSV the influence of scan rate is explained for a 
rev^nsible election transfer reaction in terms of the diffusion layer flnckness. 

The CV for cases where the election transfer is not reversible show considerably 
different behaviour from their reversible counterparts. Figure 12 shows the 



n 



25 



30-PffT;-2B03 1552S FROM REDDIE AND tfflJSE TO B1633B144»qiJKr-U r-kz,. -*^ 




voltaimnogram fbr a quasi-iweisIblB reaction for different values of flie reduction and 
osddation laCe constanis. The fiist curve shows the case where both the fflridation and 
reduction rate constants are still fest, however, as the rate constants are lowered the 
curves shift to more reductive potentiflls. Again this may be rationalised m tonns of 
the eqnilibiiuni at ihe surfeoe is no longer establishing so rapidly. Id these cases the 
peak separation is no longer fixed but varies as a function of the scan latc Similarly 
the peak craient no longer varies as a function of the square root of the scan rate. By 
analysing the variation of peak position as a fiinction of scan rate it is possible to gain 
an estimate fot tt» electron transfer rate constants. 



Applieatioii Areas 

HeaUy, a drug development team would like to have a detailed picture of the pathway 
and kinetics of a compound's metabolism in humans, including possible side effects 
such as CYP induction/hihibrtt«i and the gehCTation of toxic metabolites, before 
beginning cHnical trials. Gathering as much of fljis data, as possible usually involves a 
cofflbination of faoreagngLy targeted assay systems. Whole animals are oflen used for 
hiitlal toxicological assessment and th» outcome of ihese experiments can prev«3t a 
compound from entering die mart phase even before any metabolism woik is done. 
Such studies are currentLy examined using culhaed liver cells, live Hnimals or Uver 
slices in combfaiatian with a variety or analytical methods to determine die overall 
metabolic pioffle. Most recently, stwsh assays are performed ustag micimsamBS. 
synthetic cells comprising isolated enzymes held in an artificial membrane 

Even with die application of increasingly sophisticated analytical methods, there ace 
obvious difficulties in using animals, cbUs, or cell fiaotions to obtain information on 
the specific biooheraical events ttiat comprise a compound's metabolism. Advances in 
the molecular genetics and biochemistiy of the DMEs, and the need for greater 
efficiency in the drug discovery process are driving the development of new In vitro 
methods based on isolated DMEs. These methods have been used, for screening 
thousands of compounds, and are amenable to integration into the early phases of the 
drag discovery process. Some of the ways in wHcb recombinant CYPs have be«l 
used for m vitro metaboUsm studies and the rationale ftMr these are described in flie 
following sections. The same general approaches can be applied to other DMEs such 
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as the FMOs, bat in most cases the methods ate not nearly as weU developed as they 
arefortiiBCYFs. 



Isozyme Identification 



An identification of the major en25aneCs) involved in your specific drug's metaboHsm 
is pediaps the most important component of early studies. Once this is known, 
phamiacokinetic [PK] studies (see below) are done to obtain Km (an approximate 
measute of Ifae affinity of flie emyme for ifae substrate) and (how fast the enzyme 
can process substtate molecules). Together, these parameters are used to estimate in 
vivo clearance rates, a key detemiinant of iiierapeutic ofHcacy. Knowledge of the 
metabolism rate by a specific enzyme may alert the drug discovery team to potential 
phannacogenetic problems or drug-dnig inteiaction& 

Genetio differences in CYP levels are a major cause of individual vaiiabiUty in 
response to therapeutics. For example, rougUy 8% of the Caucasian populfttiostt are 
poor metabolisers of 2D6 substrates and can experience serious side eSects when 
administered nomaal doses of dmgs that are metabolised primarily by this isozyme. 
FuitheraiorB» some dmg-dnig intaBctiona can cause serious side effects or even &tal 
conditions such as drug-induced anfayflmua. The identification of which oozyrae is 
primarily responsible for the metabolism of a drug aids in the design of efiBbctive 
clinical studies used for assessmg possible drug interactions. A pao^ of CYP and 
FMO enzymes nsed as biosensors would enable the degree of processing of a new 
drug by each isozyme to be accurately quantififid. This could be achieved usmg a 
device accoidii^ to the invention. 



Determination of Kinetic Parameters 

Undesirable PK characteristics are fiequenUy a fector in the firilure of conpounds in 
preclinical studies. Tho goal of in vitrv studies is to detemifaie the key PK parameters 
(JCa and for a compound widi each CYP isozyme in ordra-to obtain an estunate 
of &e overaU. vivo clearance rate. The I>^£agni8 with attempting to obtain aoeurate 
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Wnedc data Aom crude enryme preparalionB sudi as nricrosomfis indTide metabolism 
of the substrate by more flian one isoagme, furthsr modification of jiroduots (ag-. 
conjugation), consumption, of NADPH by odntaminatiiig redox enzymes, and binding 
of substrates or products to ceH jsfoteinB or other macromolecules. From aa 
enzymologist'8 point-of-view. flie only way to obtain accurate kinetic data is with 
isolated enzyme systems- Isolated CYP en25fmes used as biosensors would provide 
this capability. 



High-Throughput Screening 

A large number of phannaooIogicaUy active compounds synthesized in llie discovocy 
phase of pharmaceutical R&D are rejected because they interact wi«i fl» metaboKsm 
of ejdfiting thraapeutic drugs or because &ey have poor bioavailabiKty caused by 
rapid metabolism. In many cases, this is because the compounds are either subshAtes 
or inhibitors of one or more CYP isozymes. CYPs and other DMEs are generally 
assayed by isolation and quantiflcatioii of the metaboHtes produced fiom the parent 
compound. In moat cases, this involves cnromaiogf^^: iculmi*iues-(usual^?-KK.G>- 



and m Booie cases phase separations. There are two major diawbaclcs to these assay 
methods. First, ttic need to isolate the reaction products makes the methods too 
eumbetsome and time consummg for use m any type of high-volume assay and 
precludes the coUeclion of continuous kmetic data. Second, measurement of 
metabolites requires use of different assay metlwds for every substrate, raising an 
obvious technical barrier to screening diverse oorapounds for metaboUsm. A universal 
assay method would be ideal hi that it would allow direct quantification of 
metabolism rates fiir any substrate, allowmg the deteraunation of the key 
phaimacoWnetic parameter (calculated as WiQ fer diverse conqiounds in a high- 
throughput screening [HTS] format The mbritive approach fcr achieving this is to 
monitor NADPH consun^tion, which ifaeoretically should be stoichiometric with 
substrate turnover. However, this bas not proven practical because the coigjling 
between NADPH consumption and substrate tumovta: is variable between differeol 
substrates and is frequently as low as 20-30%. Measurement of oxygen consmi^Jtion 
sufibis fitim the same drawback; a significant peroentage of the total oxygen 
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consumed is diverted into reactive oxygea inteimediates rathegr than tnetabolite and 



For these reasons^ Ihe main ^proacli that is cuwently used for screening is 
competitive inhibition assays, in which inhibition of a probe substrate tuxnover by the 
test compound is wsed to identii^ potential substrates and inhibitors. The hits from 
these competitive inhibition screens must be farther evaluated to detennine whether 
they are inhibitoiK or substrates for the indicated isozyme. A number of approaches 
have been developed for high-throughput screemiig of CYP inhibitioxL Tliese 
techniques include rapid phase separation methods for isolating radiolabeled CYP 
2D6 metaboHtes, development of robotically controlled, multi-cohram HPLC 
separation systems to assay testosterone metabolism by CYP 3A4, the use of novel 
chromogenic regents for quandtation of formaldehyde formation during CYP- 
dependent demetfaylation reactions, and i^id LC/MS approaches for metaboUte 
analysis. However, all of these approaches include relatively cumbersc»ne post- 
reaction separation steps that limit thcw usefulness in an HTS format. A lab-on-a-chip 
style biodetector able to follow CYP mediated reactions at ttie phaimacoldnetLc level 
would not r^uire these separation steps, and so would offer substantial benefit^ over 
fbe cutTfflt HTS technologies. 



water. 
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1. An dectrodB comprisiiig an osddadve drug-metabolising enzyme (DME) 
immobilised at the smfecB of Hie decttoda to allow efficient transfisr of electrons fiom 
llie electrode to a catalytic site within the "DISE. 

2. An electrode according to claim 1, wherein the DMB is iramobiliaed to the 
surface of the electrode by means of a lixiker. 

3. An electrode according to claim 1 or 2, wherein the DME is covalently 
immobilised to the sur&ce of tibie electrode. 

4. An electrode according to claim 1 or 2. wherem the DMB is non-covalently 
immobilised to the sorfece of the electrode. 

5. An electrode according to any preceding claim, wherein the sinfece of ifae 
dechode is modified by the oovalent addition of chsanical groups. 

6. An eleohode aocoidmg to claim 5» wherem the electrode is a gold electrode 
and the chonical groins are orpnoibiloate compounds. 

7. An electrode according to claun 1, 2 or 4, wherein die electrode surface is 
coaled with a mechanically and diemically stable polymer gel with high ionic 
conductivily, and the DME is tr^ed witfam the polymer gel matrix. 

8. An dectrode according to claim 7, ^erdn (he polymer gel coaiptises 
polymers with a high proportion of caiboxylic add groiq>s if the DME has many 
positively-dtarged sitf&ce zesidttes. 

9. An. electrode accordmg to daim 7. wherein the polymer gel conoprisBs 
polymers with a high proportion of anune groups if the DME has masBy negative 
charges at Has surface. 
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10- An electrode according to claim 7> wherdn the polymer gel comprises 
polymers with a high proportion of aliphatic groups if the DME has largely 
hydrophobic surfaces. 



11. An electrode according to claim 1, 2, or 4, wherein the DME is a CYP which 
is anchored at the siir&ce of the electrode by means of a lipid membrane. 

12, An electrode according to claim 11^ wherein the membrane comprises Icngr 
chain fatty acids, lipids, or similar molecules, d^sited on the sni&ce of the 
electrode. 



13. An electrode according to claim 2. whoein the linker comprises a delocaU$ed 
electron sj^tem. 

14. An electrode according to claim 2 to 4, or 13, wherein the linker coxxxprises a 
hydroxyl group, an amide, an amine, a carboxylic add group, an aromatic group, a 
cyclic group, a heterocyclic gcoup such as a ^ophene> or a nitrogen-awtaining 
heterocyclic group such as a pyridine, a purine or a pyrimidine, an enol, an ether, a 
ketone, an aldehyde, a fluol, a thioeftier, a halo-, nitro-, pho^ho-, or su^hate group, 

15. An electrode according to claun 2 to 4, 13* or 14* wherein the linker comprises 
a mefallocene, a flavin, a quinone^ or NADH. 

16. An electrode according to claim 15, wherein the Knkcar comprises a ferrocaie. 

17. An electrode according to claim 15, wherein the ferrocene is a contpound of 
the following formula: 
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Rl 18 any of fhe following groups: a thiol, a diioether. an andde^ an. atnin^ a 

caibCHcylic add, a heterocyclic group such as a flriophene, or a nitrogea containing 

heterocyclic group such, as apyridine, apotine, or apyriniii&i^ and 

R2.10 are independettfly ai^ of the foDowmg: a hydroxyl group, an amids, an amin^ 

a caxboxylic acid group, an aromatic groiqi, a cyclic group, a heterooyoUc group such 

as a thiophene, or a nittogen-containmg heterocyclic group such as a pyridine, a 

purine, or a pyrinridine, an enol, an ether, a ketone, an aldehyde, a fi«ol> a Ihioe&fir, a 

halo-, nitro-, liho^pdio-, or sulpliate gtoop: 

18. An electrode having a surface modified by the covalent or ram oovalent 
addition of chemical groups to allow efficient transfer of electrons ftom the electrode 
to a catalytic site within a solnbilised DME. 

19, An electrode according to claim 18, wherein &e electrode is a gold electrode 
and the chemical groups are organothiloate compounds having an SH group which 
forms a strong bond to the surface of the electrode, and suitable functional groups for 
interacting with the solubilised DME. 

20, An electrode according to claun 18, wherein the chemical groDqps cooaptise a 
ddbcalised electron system. 

21. An electrode according to claim IS or 20. wherein the chemical groups 
comimse a hydroxyl groi^, an amide, an amine, a oarboxylic acid group, an aromatic 
groiqj, a cydic group, a heterocyclic groiq) si«dj^4^%.thiophe3iei or a ^^ag^,;^^^ 
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containiiig heterocyclic stoup sudh as a pyridine, a puiine, or a pyziimdine, an enol, 
an ethOT, a ketone, an aldehyde, a thiol, a tMoether, a halo-, nitro.. phospho-, or 
sulphate group, 

22. An electrode according to claim 18, 20, or 21, wherein the chemical groups 
coznpnse ainetaIlocesi6p a flavrn> a quinone^ orNADH. 

23. An electrode according to claim 22, wherem the chemical groups comprise a 
fciiQceno. 

24. An electrode according to clahn 23, wherein the ferrocene is a compoimd of 
the following formula: 



Ra 




wherein: 

Rl is any of the following groups: a thiol, a thioether, an amide, an amine, a 
carboxylio acid, a heterocyclic group such as a ttuophene, or a nitrogen contaiidng 
heterocyclic group such as a pyridine, a purine, or a pyrimidine; and 
^2-10 independently any of the following: a hydroxyl group, an amide, an amine, 
a carboxyHo acid group, an aromatic group, a cyclic group, a heterocyclic group such 
as a thiophene, or a nitrogen-containing heterocyclic group such as a pyridine, a 
purine, or a pyrimidine, an enol, an efher, aketone. m aldehyde, a thiol, a thioether, a 
halo-, nitro-^ phospho-, or sulphate group. 

25 . An electrochemical reaction chamber compising a first electrode accorxltng to 
Bny of claims 1 to 17p and a second electrode. 
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26. A device coxnpnmsig a plurality of electrochemical reacticm chambers 



accoxdmg to claiin 25, whcreia the first electrode of each electrocJiemical rBaction 
chamber compzises a different DMB* 

2r7. An electrochemical reaction chainba comprising a first electrode according to 
any of claims 18 to 24, a second electrode, and a DMB. 

28. A device comprising a plurality of electrochemical reaction chambers 
according to claim 27, wherdn the fifst electrode of each electrocheanical reaction 
chamber comprises a dif^ent DM£. 

29, Use of an electrode, an electrochemical reaction chamber, or a device 
according to any preceding claim for electrochemical sensing, 

3 0. Use according to claim 29^ for predicting drug metabolism- 

31. Use according to claim 30 in an assay which comprises the following steps: 

i) providing electrochemical reaction chamber comprising an electcode accordinjl" 
to any of claims 1 to lis and a candidate drug in solution; 

ii) applying clignging voltage to the electrpohemical reaction chamber; 

iii) measuring corrent flowing tioou^ flie electrodhMaical reaction chamber; and 

iv) detemuning fiom the mewured current i?v^hether the candidate drug 15 metabolised 
bytheDMB. 

32, Use according to claim 30 in an assay which comprises the following steps; 

i) providing an electrochemical reaction chamber comprising an electrode according 
to any of claims 18 to 24> a DME and acandidate drug in solution; 
il) applying changing voltage to the electrochemical reaction chamber; 

iii) measuring current flowing through the electrochemical reaction chamber; and 

iv) det^mining firom the measured current whether the candidate drug is metaboUsed 
bytheDMB. 
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Figure 9 
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Figure 10 
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Figure 12 
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